We study the possibility of dark matter in the form of heavy neutrinos from a fourth lepton family with helicity suppressed couplings such that dark matter is produced thermally via annihilations in the early Universe. We present all possible constraints for this scenario coming from LHC and collider physics, underground direct detectors, neutrino telescopes, and indirect astrophysical searches. Although we embed the WIMP candidate within a model of composite dynamics, the majority of our results are model independent and applicable to all models where heavy neutrinos with suppressed couplings account for the dark matter abundance. * t.a.hapola@durham.ac.uk
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1 Introduction
There is a strong possibility that dark matter (DM) might be in the form of weakly interacting massive particles (WIMPs). The most natural candidate within the Standard Model (SM) would have been the neutrinos. However, the existing light neutrinos account for a tiny amount of the matter content of the universe today and in addition light neutrinos would erase large scale structure as they would form "hot dark matter" that is not supported by observations. In fact neutrinos lighter than 500 eV would not be able to be packed within a dwarf galaxy due to Pauli blocking [1] . For hypothetical neutrinos heavier than 500 eV, the Weinberg-Lee limit suggests a mass higher than ∼3 GeV (or ∼13 GeV in the case of Majorana neutrinos) in order not to produce DM higher than the critical density for Ω = 1 [2] . Unfortunately Dirac or Majorana neutrinos with the standard couplings to the other particles are favored neither by collider experiments nor by direct DM searches. The width of the invisible decay of the Z boson does not leave any room for Dirac (Majorana) neutrinos, with SM-like couplings, below ∼ 45 (39.5) GeV [3] , and LHC has recently disfavored the existence of a fourth quark family below ∼ 400 − 600 GeV [4] [5] [6] [7] . Although this is not directly associated to leptons, it disfavors the neutrino DM scenario since it would be strange to have a fourth lepton family not accompanied by a fourth quark family. In addition in such a case, Witten's SU (2) global anomaly will not be cancelled. On the other hand direct search experiments such as Cdms and Xenon have imposed strong bounds on the mass of heavy SM neutrinos. For Dirac SM neutrinos the bound is tens of TeV, whereas for Majorana ones, the strictest bound from Xenon is ∼ 2 TeV [8] .
Although SM neutrinos have been more or less abandoned as a solution to the DM problem, non-standard neutrinos are still good candidates. One typical example is the case of sterile neutrinos [9] [10] [11] [12] [13] [14] [15] that are still viable DM candidates. Another type of candidates arises from the observation that heavy neutrinos that have different (suppressed) couplings from the SM ones, can also have the appropriate annihilation cross section in the early universe epoch to be produced thermally. An extra benefit for such candidates is the fact that the suppression of couplings corresponds generally to lower WIMP-nucleon cross sections, thus lowering the bounds on the neutrino masses from direct search experiments. This suppression of the couplings can be implemented in the context where a left-handed neutrino mixes with a right-handed one producing two Majorana states. If the lightest among them is mostly right-handed, it can constitute the DM. This is a sort of inverse seesaw-like mechanism, in which the amount of mixing between the left and right-handed neutrinos determines the size of the couplings to the Z boson and Higgs and consequently controls the amount of annihilation in the early universe [16, 17] . Notice that if the usual seesaw mechanism is used in the present heavy neutrino set up, the lightest particle becomes dominantly left handed and has SM-like couplings to Higgs and SM gauge bosons. As we mentioned this scenario is ruled out by present experimental data (LEP, Xenon).
This idea of suppressed couplings of Majorana neutrino type particles can be nicely accommodated in Technicolor (TC) theories. Although TC provides naturally asymmetric type of dark matter [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , and mixed DM candidates (with a thermal and a nonthermal component) [29] , purely thermally produced DM candidates can be easily facilitated [30] [31] [32] even with a possibility to enlarge the DM model to provide the unification of SM gauge coupling constants [33, 34] . In such TC models the 125 GeV Higgs may be realized as a light scalar composite state, (see e.g. [35] and references therein).
There are different TC frameworks upon which the suppression scenario can be visu-alized. In this article we are going to concentrate on the Minimal Walking Technicolor (MWT) [20, 21, [36] [37] [38] . However the heavy neutrino DM scenario can be identically realized for example in a partially gauged TC model as we shall explain later (partially gauged TC models have been considered e.g. in [27, 34, 37, [39] [40] [41] [42] [43] ). There are also more involved Extended TC (ETC) models [44] in which this kind of DM scenario could exist [45] . The particle content of the MWT theory is simple. It postulates two flavors of techniquarks U and D that transform under the adjoint representation of an SU (2) gauge group. Since techniquarks couple to the electroweak (EW) sector, in order to cancel Witten's global anomaly, an extra lepton family is included. As we shall describe in detail in the next section, gauge anomalies are canceled with a proper choice of hypercharge assignment for techniquarks and new leptons (that is not unique). The helicity suppression scenario can be accommodated within MWT in two ways.
In the first case, for an appropriate choice of hypercharge, D techniquark (for example) becomes electrically neutral. Due to the fact that D as well as technigluons transform in the adjoint representation of the SU (2) group, composite states of the form D L G and D R G (where L(R) denote left (right) particles and G technigluons) are not only electrically neutral but also colorless. In terms of quantum numbers D L G and D R G behave as left and right handed neutrinos. Using the inverse sewsaw-like mechanism, i.e. introducing apart from a Dirac mass, Majorana masses for the left and right composite objects DG, leads to the creation of two states with suppressed couplings to the Z boson [23, 31] . The lightest of the two particles is the DM. The mixing between left and right particles can be adjusted so it gives the correct thermal abundance of DM. One should note that for the hypercharge assignment that makes D neutral, none of the new leptons is electrically neutral. They have charges −1 and −2 respectively. In the second case, one can choose a SM-like hypercharge assignment that makes one of the leptons electrically neutral [30] [31] [32] . Similarly as before, one can introduce Majorana mass terms for the new left and right handed electrically neutral leptons. By adjusting the masses, two Majorana mass eigenstates result, where again the lightest one is the DM. Naturally, we assume here that there is no mixing between the fourth and the SM lepton families and that the lightest lepton from the fourth family is stable (for example due to a conserved quantum number). Once more, the couplings to the Z and the Higgs are helicity suppressed, and can be adjusted in such a way that the observed DM relic density is produced.
In this paper we are going to focus on the second scenario, i.e. the case where the new lepton family provides an electrically neutral particle that will be the DM WIMP. However, most of our analysis and results can be directly interpreted in the light of the DG DM scenario. For example, the relic density analysis and the DM direct detection constraints are practically identical in both models. Furthermore, our analysis for the fourth lepton family DM can be also considered out of the MWT context, i.e. as an independent study of a fourth family heavy neutrino DM. Although in this case our EW precision test analysis is not directly applicable, our estimates of the relic abundance and the constraints are independent of the details of the theory the fourth lepton family is embedded 1 . Thus our results are generally valid for any model where DM is in the form of a thermally produced heavy neutrino with suppressed couplings to Z and Higgs bosons. We examine the fourth heavy neutrino DM scenario from every different perspective. We identify what phase space of the theory produces the correct DM relic density and avoids the tight constraints of direct search experiments and EW precision tests. We study the annihilation of this DM candidate to all possible channels and we analyze the constraints derived from indirect detection. We analyze the possibility of detecting our DM candidate at LHC. Although general constraints from monophoton and monojet processes, based on an effective field theory approach, have been already presented in the literature, these constraints rely on the assumption that the WIMP-nucleon interaction is mediated by a heavy particle (contact interaction). However in our case, since the production of the WIMP is mediated by either the Z or the Higgs, the existing constraints in literature are not valid and an analysis from scratch is needed. We combine, improve and update the analysis done previously in [31, 32, 46, 47] , and in particular we study and present several new constraints for this model.
The paper is organized as follows: We present the model in the next section. The model analysis and constraints are described in Sec. 3. In particular, the relic density analysis and the constraints from the EW precision tests are presented in Sec. 3.1 and the other collider constraints are discussed in Sec. 3.2. The direct and indirect constraints are presented in Sec. 3.3 and Sec. 3.4 respectively. Finally we present our results and conclude in Sec. 4.
Model
As we mentioned in the introduction, MWT has two techniquarks U and D transforming under the adjoint representation of an SU (2) TC gauge group. The left-handed U and D form a doublet that is gauged under the SU (2) EW gauge group (as it happens in all conventional TC models). As in the case of quarks, right-handed ones do not couple to the EW SU (2). Due to the fact that U and D transform under the adjoint of the TC group, there is an enhanced SU (4) global symmetry that includes as a subgroup the SU (2) L SU (2) R . The chiral symmetry breaking pattern is SU (4) → SO(4), where SO(4) contains as a subgroup the SU (2) L=R . There are nine Goldstone bosons arising from the symmetry breaking. Three of them, eaten by the EW-gauge boson, are pion-like; their composition is that of pions made of U and D. There are also three Goldstone bosons of di-quark type U U , U D, and DD and their antiparticles. These particles carry a conserved technibaryon quantum number. Notice that the exact form of these Goldstone bosons is Q aT CQ a where Q is either U or D, C is the charge conjugate matrix, and a is the three states of technicolor in the adjoint representation (rr, rg + gr, gg), where r and g are the two technicolors. The EW symmetry breaks due to the formation of condensatesq L q R (and h.c.) and the Higgs boson is composite and of the formŪ U +DD. However, since the (U, D) doublets transform under the adjoint of the TC SU (2), there are three new doublets introduced. In order to avoid Witten's global anomaly [48] , there is a need for an extra lepton family. The doublet L L = (N L , E L ) couples to the EW SU (2) making consequently even the total number of doublets (avoiding thus the anomaly).
Apart from Witten's global anomaly, one should in principle worry about gauge anomalies. All gauge anomalies are canceled if a proper hypercharge assignment is given to the later in the text. new particles. The only gauge anomalous free choice is [39] 
for the techniquarks, and
for the new leptons. Gauge anomalies cancel for any real value of the parameter y. The choice y = 1 renders the D techniquark electrically neutral, U with charge +1 while the new leptons get charges −1 and −2. The Standard Model-like choice y = 1/3, makes U and D having charges +2/3 and −1/3 respectively, while N and E have charges 0 and −1. From this point of view, N appears as a new (heavy) neutrino bearing the quantum numbers of the usual neutrinos.
Lagrangian and mass terms
The full Lagrangian of the theory is
where the sum Q Ri is over U R and D R , and the sum L Ri is over N R and E R . The EW 
whereH = iτ 2 H * with H being the SM-like (composite) Higgs doublet. The parameter Λ is an energy scale that is associated with the UV completion of the theory at higher scales. This can be the scale of the ETC or even the scale of Grand Unification (GUT). In dynamical EW symmetry breaking the Higgs doublet will get a vacuum expectation value, like in SM, H → (v + h)/ √ 2. In this case the first two terms give Dirac masses for E and N , whereas the last two terms represent Majorana masses for the left and right-handed N respectively. All terms are gauge invariant. The Majorana mass term for the left-handed N is the usual dimension five Weinberg term. Since the operatorN c R N R is gauge invariant, there is the possibility that the right-handed N receives a "hard" Majorana mass term by coupling this operator to another gauge invariant scalar operator from an additional sector. We have implemented this possibility in term of a coupling to a new scalar S in Eq. (4). Once S gets a vacuum expectation value, the Majorana mass becomes M R = C R v s where v s is the vev of S. It should be noted here, that for the right-handed N , the Majorana mass could also come from a coupling to the Higgs boson of the form (C R /Λ)(H † H)N c R N R (see e.g. [32] ). Although in principle such a term gives a Majorana mass similar to the one given by S, it is experimentally excluded [46] because once we go to the mass diagonal basis, the coupling of the DM particle (i.e. the lightest between the two Majorana particles) to the Higgs boson is always sufficiently large to be excluded by direct DM search experiments.
We should also note here that although TC is sufficient to break the EW symmetry dynamically and can provide the Higgs boson, it does not provide masses to the Standard Model particles per se. All the Yukawa couplings are provided by the ETC interactions. Once the techniquarks form a chiral condensate at the EW scale, these interactions take the form of an effective mass for the Standard Model particles. Constructing a working ETC model is a very difficult task. The ETC scale should be a few hundred times (or more) higher than the EW (although realistically it can take place in three different distinct energy scales, one for each family of the SM). In this paper we are not going to speculate on the specifics of the ETC model. Λ can be the ETC scale, or it could be the GUT scale, if the fourth lepton family unifies with the techniquarks at that scale. For our phenomenological study, the details of the ETC and GUT unification are not important. Note here that for this reason we have omitted the ETC interactions from our Lagrangian (3).
Before continuing with the model details, let us comment on some issues which might follow from our hypercharge convention. Previously [49] it was pointed out, that the choice of SM-like hypercharges for the new leptons and techniquarks, would make states like D L G and D R G fractionally charged. If these are the lightest states in the technibaryon number preserving particle spectrum, they would be stable, and problematic from a cosmological perspective, as no fractionally charged relics have been observed so far. Some of these aspects were afterwards discussed in [46] . However here we take a slightly different approach to this issue, as we do not mind if these states are formed in the early universe. Indeed, as we consider the new neutrino to be the DM particle, we may allow the violation of the technibaryon number by ETC interactions. This would imply that the TC particles would not contribute to the DM density today as they could decay by ETC interactions to SM particles. As said previously, we do not intend to build a complete ETC model here, but we give a short description how ETC interactions could get rid of these fractionally charged D L G-like states. Generally, if the techniquarks and ordinary quarks belong to a common ETC multiplet, after the breaking of the ETC symmetry to TC and QCD at some high energy scale Λ ETC , the D L G like states could decay to SM quarks by emitting an ETC gauge boson. Naturally this process would be suppressed by factors of 1/Λ ETC , but as long as the decay time would be much shorter than the age of the universe at recombination, all the D L G states formed in the early universe, would have been able to decay by now, leaving no problematic fractionally charged relics at present 2 . To be more quantitative, we can try to make a rough estimate for the DG decay width Γ DG , to see what could be the lifetime of these particles. First very naive attempt could be, to use a simple estimate of a free D techniquark decay to SM quark and ETC gauge boson (similar to top quark decay), but as the DG is a bound state, this would probably give too optimistic result i.e. too short lifetime for DG. However, motivated by QCD meson decay, we can write another estimate
Here g ET C and M ET C are the ETC gauge coupling and the ETC gauge boson mass respectively, f DG and m DG are the decay constant and the mass of the DG state respectively, and finally m t,b refers to top or bottom quark masses, which are used respectively, depending whether U or D of the techniquarks is actually the lighter one. Now using reasonable assumptions for the mass scales of the unknown parameters M ET C /g ET C ∼ Λ ET C ∼ 10 TeV and m DG ∼ f DG ∼ Λ T C ∼ 1 TeV, we get an estimate for the lifetime of the DG states: τ DG = 1/Γ DG ∼ 10 −22 (10 −19 ) s, using top(bottom) mass in Γ DG . This result indicates that these particles could actually decay already well before BBN. However, a more detailed analysis of the evolution (i.e. decay/freeze-out) of these particles and their possible effects to early universe physics are left for further work.
Mass mixing pattern
Once the TC chiral condensate forms (at the EW scale), and the composite Higgs boson gets a vacuum expectation value, Eq. (4) provides the mass for the fourth family leptons. Focussing on the neutral one, this gives,
where
It is easily seen that the case M L = M R = 0 corresponds to a Dirac particle, whereas m D = 0 corresponds to pure Majorana states for N L and N R . In the generic case where all three masses (m D , M L,R ) are nonzero, the mass eigenstates of the system can be given as a linear combination of the gauge eigenstates
where N ≡ (N 1 , N 2 ) T and O is an orthogonal 2 × 2 rotation matrix, parametrized by a rotation (mixing) angle θ, that is related to the parameters of the matrix (5) as
The two eigenvalues of the mass matrix of Eq. (5) are
However, although M 1 is always positive (in case M L,R are positive too), this is not always the case for M 2 . The positiveness of both M 1 and M 2 is ensured by the diagonal matrix
. It is clear from the above that ρ 1 = 1. It is also not hard to show that
Although there is phase space for ρ 2 = 1, the phase space of the model presented here is in the former case. We checked that a change to the ρ 2 = 1 part of the phase space has very little impact on our final results, i.e. the sin θ values. Furthermore, the ρ 2 = 1 phase space is more constrained by the EW precision data 3 . This is also why we concentrate on the ρ 2 = −1 case here. Note that the pure Dirac scenario (M L = M R = 0), or the pure Majorana one (m D = M R = 0) lie on the ρ 2 = −1 phase space. A thorough study of this ρ 2 = ±1 issue has been presented in [32] .
WIMP interactions
The ingredients needed for the calculation of the relic density and the cross section between WIMPs and nucleons are encoded in the couplings of N with the Z and the Higgs boson, as well as in the coupling among E, N , and W . These can be rewritten from the gauge basis to the mass basis as
where g is the weak coupling constant and θ W is the Weinberg angle. We have omitted interaction terms involving only the heavy N 1 field. Finally the interaction with the Higgs boson can be read off Eq. (4) and transformed in the basis of mass eigenstates as
, and
Here we have also omitted the interaction terms involving only N 1 as they are irrelevant for our analysis.
Model analysis and constraints
We start this section by describing our method of scanning and constraining the parameter space of the model using the EW precision data. Then we briefly review the WIMP annihilation of our DM candidate and the parameter phase space where it can account for the DM relic abundance. We require that the model satisfies the EW precision tests on all the points of the parameter space where the DM relic density is obtained by the candidate. Finally we present all other relevant experimental constraints coming from colliders, direct and indirect DM detectors.
Model parameter scan and relic density
Our strategy is to scan the model parameter space (i.e. m 2 , θ, m E , (m 1 )) and search for parameters sets that are consistent with the EW precision data. We scan over a large range of WIMP mass (m 2 from 20 GeV up to 1 TeV), forcing of course m 2 < (m 1 , m E ), and the mass of the particles to be smaller than 4π v 3 TeV. Furthermore, in order to avoid coannihilation in the early Universe [50] and N 2 ↔ N 1 oscillation during the freezeout if an asymmetric DM sector is taken into account [51] [52] [53] , we always consider a mass gap between m 1 and m 2 of at least 50 GeV. To reduce the parameter space further we fixed m 1 in the scan (we make three different scans using three fixed values m 1 = 0.5, 1 and 1.5 TeV). In this set up, it is then the m E , which is mostly restricted by the EW precision data, as the values of m 2 and sin θ are arranged to produce the correct DM relic density, as we shall explain below.
To compare our model against the EW precision data we use the usual analysis in terms of the oblique parameters S and T [54, 55] . These parameters measure the modifications of the SM gauge boson vacuum polarization amplitudes by the contributions following from the new physics. In our case, the S and T parameters are affected by the new leptons N 1 , N 2 and E, and by the TC sector i.e. by the techniquarks. Our calculation of S and T follow the analysis performed in [56] for this model. The experimental values (S, T) = (0.04 ± 0.09, 0.07 ± 0.08) including 88% correlation between S and T were taken from [3] 4 . We scan the model parameter space (i.e. m 2 , θ, m E , (m 1 )) and search for parameter sets that render the theory within the experimental 90% CL (S,T)-contour ellipse. Having in our disposal the parameter space that satisfies the EW precision data, we then compute the DM relic abundance numerically.
The DM relic density calculation for this particular model has been previously studied in detail in [32] , and we follow that analysis here. The DM relic density is calculated numerically using the usual DM Boltzmann equation. In the calculation we have assumed the standard radiation driven expansion history of the universe, and for the thermally averaged annihilation cross section σv we use the standard integral form given in [57] . Here in the annihilation cross section σ we have included all the allowed annihilation channels, i.e. process N 2N2 → ff , W + W − , ZZ, Zh and hh 5 , where f refers to all SM fermions. We have considered only tree level processes in our analysis. In the s-channel processes the interaction mediator is either the Z or the Higgs boson. In the t-and u-channels, the mediator, depending on the process, is either N 2 , N 1 or the new "electron" E.
As it is well known for symmetric WIMP dark matter, the relic density is essentially dictated by the annihilation cross section. In our case the annihilation cross section is ultimately controlled by the WIMP mass and especially the mixing angle sin θ. Indeed, all the couplings between N 2 and SM particles include a mixing angle dependent factor. As it can be seen from Eqs. (9) and (10), the couplings of N 2 to the Z and Higgs bosons are suppressed relatively to the couplings of a standard Majorana neutrino with no mixing by a factor of sin 2 θ. In order to produce the DM relic density, for a given WIMP mass, one should adjust the mixing angle accordingly so the annihilation cross section is the one required for thermal production. Thus for example, in the vicinity of resonances, like near the s-channel Z or Higgs boson resonances (when the WIMP mass is m 2 ≈ m Z /2 or m 2 ≈ m h /2), the increase in the annihilation cross section is counterbalanced by a decrease in the mixing angle, so the overall cross section stays constant and equal to the usual thermal value. The same happens when new annihilation channels open up: to compensate the increase of the cross section the mixing angle needs to be suppressed to obtain the right DM density.
To summarize, for a given WIMP mass m 2 and fixed m 1 , the new fourth heavy "electron" mass m E is determined by demanding that the theory passes the EW precision tests, and the mixing angle θ is basically set by requiring a correct DM relic production.
In Fig. 2 These experimental values assume the Higgs mass to be in the range 115.5 GeV < m h < 127 GeV, which is in agreement with the observed value m h ≈ 125 GeV.
5 For the annihilation cross section in the case of N 2N2 → ff we used an improved version of the expression given in the Appendix of [46] including finite width approximation for the resummed Z boson propagator, which captures the gauge invariance correctly [58] [59] [60] Obviously the mixing angle θ and the WIMP mass m 2 set basically the line along which the right DM relic density is obtained. This is due to the fact that the dominant tree level s-channel processes involved only SM mediators, such as either the Z or the Higgs boson. The residual dependence on m 1 and m E is controlled by the t-and u-channels, in which the mediator is either N 2 , N 1 or the new heavy "electron" E. As one can see, the relic density is weakly dependent on these details, making our prediction for the relic density also applicable to other fourth lepton family models with suppressed couplings generated by an inverse seesaw-like mechanism. This is especially true, if the WIMP mass is smaller than the Higgs one. Indeed in this case all the contour lines occupy the same (m 2 , sin θ) parameter space.
Finally let us mention, that usually in the MWT or in other TC models, other new heavy resonances might exist. These could in principle have an impact on our WIMP annihilation cross section, and thus on the sin θ slope related to the correct relic density, especially in the heavy WIMP mass region (m 2 0.5 TeV). Indeed, as the new strongly interacting theories predict a spectrum of new states, some of them can act e.g. like a new Z' boson. These states could affect the WIMP annihilations near the resonant region i.e. when the mediator is nearly on shell m 2 ≈ m Z /2, and as long as the mixings and couplings of this new resonance with the SM particles are of the relevant strength. However, in this work we only consider the lightest resonance i.e. the Higgs, since other resonances in TC are expected to be heavier (∼ 1 − 3 TeV) and their interactions/couplings to SM particles can be suppressed. This set up is also the most model independent.
Collider constraints
Here we impose collider constraints on the model using the LEP and the new LHC data. These include the invisible Z boson decay width, the invisible Higgs decay branching fraction, and the mono-Z constraints. Since these bounds only depend on sin θ and m 2 , they can also be used in other models in which a fourth lepton family is embedded.
Z-boson decay width
For the WIMP mass region m 2 ≤ m Z /2, the oblique parameter constraints are replaced by the Z boson decay width constraint in our analysis. As the SM model prediction for the Z boson decay width is in excellent agreement with the measured value, the new Beyond SM contributions to the decay width are highly constrained. As our model could affect the invisible decay channel of the Z, the data can be used to constrain our model. This constraint has been set for this model previously in [31, 32] and we update this limit here. The Z-decay width constraint reads
where we have used the uncertainty δN = 0.008 in the number of light neutrino species N = 2.984 ± 0.008 reported in PDG [3] when deriving the constraint 6 . In Fig. 2 , the shaded orange region is disfavored by this bound. Finally, to avoid the collider limits, set for new charged particles, we demand throughout our analysis that m E ≥ 500 GeV.
Invisible Higgs decay
We can also constraint the model parameter space by using the limits set for the decay branching fractions of the Higgs boson. Indeed, the Higgs boson branching fraction to the invisible sector is constrained to be R inv. ≤ 0.24 at 95% confidence level by the latest LHC data [61] . The tree-level Higgs decay width to our DM particles is [46] 
From this, the Higgs boson branching fraction into the invisible sector follows directly
. Here Γ h,SM is the total Higgs decay width to the SM particles. Using the equations for R inv. N2 , Γ h,N 2 from above, and the limit for R inv. ≤ 0.24, we can set a limit for sin θ for each fixed DM mass value. In Fig. 2 , the shaded red region is excluded by the invisible Higgs decay branching fraction constraint. Let us also shortly comment about the Higgs phenomenology in the MWT framework e.g. the nature of processes like Higgs production H ↔ gg and decay H → γγ in MWT. Although these processes are not of course directly related to the fourth heavy neutrino DM scenario, they could potentially be used to test, whether the MWT composite Higgs is favored or not by the LHC data. It turns out, that MWT composite Higgs is consistent with the LHC Higgs data, as was pointed out in [62] .
Mono-Z
Naturally our WIMP, like any other DM candidate, does not interact directly with the LHC detectors. Nonetheless, if produced, it manifests itself as an excess of missing energy compared to the SM, offering a way to constraint the parameter space of the model. Following Ref. [63] , we employ a channel in which a N 2 pair is produced in association with a Z boson decaying to charged leptons. Notice, that the effective operator approach used in Ref. [63] breaks down in our case, because the mediators, i.e. the Z or the Higgs bosons, are not heavy enough to be integrated out. Another important feature of the model is that the Higgs boson can decay to a WIMP pair with a significant branching fraction. Thus the most important channel, yielding the mono-Z signature, is the one in which the Higgs boson is radiated from the Z boson (see Fig. 1 ). The SM background does not possess a corresponding channel because the Higgs boson interacts negligibly (or not at all) with the SM neutrinos.
Because the effective operator approach is not applicable, we cannot use the existing mono-jet and mono-photon analyses. Based on the analysis of [64] we do not expect to exclude any part of the parameter space using these channels. We have confirmed this by comparing the parton level mono-jet and mono-photon cross sections against the data shown in [65] and [66] respectively. This also means that the mono-Z channel is more constraining, in contrast to the effective operator case, as shown in Ref. [63] .
In Ref. [63] the measurement of ZZ → llνν [67] with √ s = 7 TeV and integrated luminosity of 4.6 fb −1 by the ATLAS Collaboration is used to derive limits on the DM production. Using the detector acceptance given in [67] , we calculate the fiducial acceptance. The following cuts define the fiducial region:
• two same-flavor opposite-sign electrons or muons, each with p l ⊥ > 20 GeV, |η l | < 2.5;
• dilepton invariant mass 76 GeV < m ll < 106 GeV;
• no jets with p j ⊥ > 25 GeV and |η j | < 4.5;
The leading order simulations are carried out using MadGraph 5 [68] . The model is implemented into MadGraph 5 using the FeynRules [69] package. The parton level events are passed through Pythia 8 [70] for showering and hadronization, and the jet clustering is done with FastJet 3 [71] . The expected number of SM events and the observed number of events, given in [67] , are 86.2 ± 7.2 and 87 respectively. Using the modified frequentists CLs method [72, 73] we can derive the 90% confidence level upper limit on the fiducial cross section σ fid (90% CL) < 5.8 fb.
The excluded parameter space is shown in Fig. 2 as a shaded green region.
Direct detection constraints
Direct DM searches aim at detecting the nuclear recoil from a scattering between a DM particle and a target nucleus in underground experiments. In our framework the spindependent (SD) WIMP-nucleon interaction is Z-boson mediated, while the spin-independent (SI) is mediated via Higgs boson exchange. The WIMP-nucleon cross sections σ N i (θ, m 2 ) where i stands for the SI or SD parts of the interaction and N refers to a particular nucleon are given in [32] . The SI cross section (in the zero momentum transfer limit) is
where µ N is the DM-nucleon reduced mass and f = q=u,d,s f
T G is the Higgs nucleon coupling factor accounting for the quark scalar currents in the nucleons. Here, the model dependent coupling is C h 22 = sin 2 θ. The SD cross section (in the zero momentum transfer limit) is
with Y q = 1/2 for q = (u, c, t) and Y q = −1/2 for q = (d, s, b) . The values of the scalar and axial-vector couplings with nucleons are taken from [74] 7 . Having a disposal Eqs. (14, 15) , the differential rate for DM scattering off a specific isotope is given by
where ξ T are mass fractions of different nuclides
is the minimal velocity providing a given nuclear recoil E R in the detector, ρ = 0.3 GeV/cm 3 is the DM energy density at the location of the Earth and f E ( v) is the DM velocity distribution in the Earth's frame. In this work a customary Maxwell-Boltzmann distribution with velocity dispersion v 0 = 220 km/s truncated at v esc = 544 km/s is used [78] . The nuclear form factors F i for both SI and SD scattering, which accounts for the non-relativistic physics of the DM-nucleus interaction, are provided in [79] .
For a given DM mass, θ then controls the differential rate and therefore the expected number of events in a given detector. Constraints on θ have been imposed previously using the Cdms [31] , and Xenon10-100 results [32, 46] . Especially the experiments based on liquid/gaseous xenon are excellent for the detection of WIMPs with SI interactions due to the large mass of the xenon nuclei. Moreover these detectors are also sensitive to SD WIMP-neutron interactions thanks to the unpaired neutron of the 129 Xe and 131 Xe isotopes. Here we perform a full combined statistical analysis based on the latest result of Xenon100 and the very recent result of Lux. We have checked that the bound on θ, coming from these experiments, are the most stringent among those in direct searches.
XENON100
The Xenon100 detector is a two-phase time projection chamber enclosing 62 kg of active target mass. In [77] the collaboration reported a blind analysis with an exposure w = 34 × 224.6 kg · days which yielded no evidence for DM interactions. They found two DM events (N exp = 2) in the 6.6 − 43.3 keV nr pre-defined nuclear recoil energy window with a background expectation of N bkg = 1.0 ± 0.2 events. In order to properly reproduce the experimental recoil rate and therefore the predicted number of events in the Xenon100 detector N th , one has to convolve Eq. (16) with all the experimental effects; namely the energy resolution of the detector, the detection efficiency 7 Notice that these coupling factors have relatively large uncertainties. For instance the uncertainty in the scalar coupling f can be as large as a factor of two, following from the σ πN -term and the strange quark content within nucleons that are estimated using lattice techniques (see e.g. [75] ) and chiral perturbation theory (see e.g. [76] ). and the cuts acceptance. This can be derived by using the formalism of [80] and the scintillation efficiency in liquid xenon provided in Fig. 1 of [81] .
LUX
Like Xenon100 the Lux experiment is a dual-phase xenon time-projection chamber located at the Sanford Underground Research Facility in South Dakota. In Ref. [82] , a non-blind analysis with an exposure w of 85.3 live-days × 118.3 kg was presented by the collaboration. Since the collaboration has not still provided detailed information on the expected background and event distribution in the signal region, we assume that the DM events are distributed in an uniform way below and above the mean of the nuclear recoil event distribution (solid red line in Fig. 3 and 4 of Ref. [82] ). We restrict our statistical analysis to the region below the red line, where N bkg = 0.64 electron recoil are expected while the neutron background is instead negligible. In such region only one event has been found (N exp = 1). The expected number of events below the mean nuclear recoil energy distribution is then given by
where the factor 1/2, as commented above, accounts for the fact that we are considering only half of the rate. Here E min = 3 keV nr and E max = 18 keV nr are the lower and upper nuclear recoil energy thresholds (see page 41 of Ref. [83] ) and the efficiency (E R ) is obtained by interpolating the black crosses in Fig. 9 of Ref. [82] .
The bounds on θ can be then inferred by comparing the theoretically predicted number of counts N th to the measured counts N exp in the detector, taking also into account the predicted background N bkg . In order to do this we use a standard Likelihood approach and we construct the following statistical test
is the likelihood of detecting the number of observed events and L bkg is the background likelihood (i.e. without DM contribution). Both likelihoods are distributed according to a Poisson distribution since for the null result experiments the number of observed and background events is very low. The constraints are therefore extracted for a certain value of the quantity λ which determines the confidence level (CL) of the exclusion.
An alternative and completely model independent way to derive bounds in direct DM searches has been for the first time presented in [84] . Without entering the details of this paper, one can quickly check our results following the main steps summarized in Sec. 6 of [84] . In particular, from the first three steps (1a-1c), we can identify the WIMP-nucleon matrix element in our model to be M N = c = s χ · s N are the non-relativistic operators that account respectively for the SI and the SD part of the interaction with coefficients
In Fig. 2 the regions in the (m 2 , sin θ) parameter space above the blue(dark blue) lines are excluded by Xenon100(Lux) at 90% CL. The limit becomes stronger for heavy WIMPs, because above roughly 30 GeV the WIMP-nucleus interaction is SI. Indeed, the dominant scattering occurs through Higgs boson exchange with a cross section proportional to m 2 2 (see Eq. 14).
Indirect detection constraints
Indirect searches for DM aim at detecting the final stable SM products of DM annihilations or decays in our Galaxy. This includes charged particles (e + and e − , p andp, deuterium and anti-deuterium), photons (synchrotron radiation, X-rays, γ-rays) and neutrinos (see e.g. [85] for a review of all these signals). This is a promising area of research because of many experiments that are currently taking data with different detection techniques. In this work we focus exclusively on bounds coming from neutrino telescope experiments such as IceCube and from γ-rays satellites, like Fermi-Lat, because they are already able to probe large portions of the DM parameter space in a wide range of DM masses and primary annihilations channels.
Before moving on, three important remarks, concerning the size of the annihilation cross section and the relevant annihilation final products in our model, are in order; i) depending on the WIMP mass m 2 , there are two different regimes. If m 2 < m Z the DM candidate mainly annihilates in bb with a cross section σv χχ → bb 2 × 10 −27 cm 3 /s (for a reference value sin θ = 0.65). The cross section is small because this channel proceeds mostly in p-wave which is naturally suppressed at the present galaxy environments. Since the current constraints are not able to probe such small cross sections yet, we will not consider at all this limit in our analysis. On the other hand if m 2 > m Z , it is the ZZ, Zh and tt channels that dominate the DM annihilation in our Galaxy. These channels include also a significant s-wave part, which make the cross sections larger. In this case, since we are dealing with quite large annihilation cross section σv tot 5 × 10 −24 cm 3 /s (for a reference value sin θ = 0.65), the bounds from indirect searches should be particularly significant in constraining θ; ii) unlike in the WIMP freeze-out epoch, the annihilation cross section into W + W − is negligible at present, being p-wave suppressed. Therefore we do not consider at all this channel in our analysis. iii) the annihilation cross section and thus the branching ratios in specific primary channels are slightly affected by m 1 and m E . For each m 2 we have fixed m 1 and m E to those values that satisfy the EW precision data where sin θ gives the right relic density.
Finally, let us comment about the possible relevance of three-body processes in the WIMP annihilation cross section. Three-body final state processes, like emission of gauge boson addition to light fermion-antifermion pair, can have a significant impact on the annihilation cross section in certain cases (see e.g. related recent works [86] [87] [88] [89] ). For Majorana WIMP the emission of 'extra' boson in the final state can open up s-wave part to the cross section. Thus, even though the process is higher order, suppressed with extra coupling and propagator factors, in principle it can become of the same order of magnitude, or even larger, as the helicity/velocity suppressed tree level cross section. However, in our case for WIMP masses m 2 > m Z , for which this effect could be somewhat significant, our WIMP already has a large s-wave tree level cross section (ZZ, Zh and tt final states), and thus the three-body effect is expected to be subleading (comparable to p-wave part).
IceCube
To be captured by the Sun, the WIMP needs to have relatively strong coupling with ordinary matter. As the Sun is mostly made of Hydrogen, i.e. protons carrying spin, the SD WIMP-proton interactions dominate the WIMP capture process. Although SI interactions of WIMPs with heavier elements in the Sun are enhanced by a coherence factor that scales as ∼ A 2 (A being the total number of nucleons in the nucleus), heavy elements are significantly less abundant. If the WIMP capture rate is large enough, an equilibrium between the WIMP capture and the WIMP annihilation rates in the Sun can take place within the age of the solar system. For the parameter values of our model that lead to a WIMP-nucleus cross section sufficient for establishing such an equilibrium, we can estimate also the annihilation cross section and the neutrino production that is constrained by the neutrino telescopes. For the parameter space where the equilibrium is not established, the WIMP annihilation rate is usually insufficient to produce an observable flux of neutrinos. The first estimate for the neutrino production from the annihilation of this DM candidate in the Sun was done in [47] where there were constraints imposed on the model based on the SuperKamiokande data. Here we use Eqs. (1-7) of Ref. [90] , (see also [91] [92] [93] ), to calculate the WIMP capture-annihilation rate equilibrium conditions. The equilibrium is achieved, if the relation t /τ 1 is fulfilled. Here t = 4.5×10 9 years is the age of the Solar system and τ = 1/ √ C A characterizes the time scale at which the equilibrium can be achieved. The quantity C is the WIMP capture rate and the factor A ∝ σv is related to the WIMP annihilation rate (see e.g. [90, 94] ). We have used the solar core temperature T = T 1.3 keV for WIMPs, when calculating the thermally averaged WIMP annihilation cross section σv in the Sun core. With the exception of the points near the two resonances (dips), we found that in the whole WIMP mass region shown in Fig. 2 , t /τ > 1, indicating that the equilibrium has been established.
The IceCube has only presented limits on bb (soft) and on W + W − (hard) primary channels [95] . Since however for m 2 > m Z , the relevant annihilation products (ZZ, Zh and tt) generate a hard spectrum of neutrinos, it is a good approximation to assume that the total flux of muons in our model, induced by up-going neutrinos scattered off ice or more importantly off the rock below the detector, is very similar to the one produced by WIMPs annihilating into W + W − (see e.g. Fig. 10 of [96] ). One can use the IceCube data to constrain the WIMP annihilation taking place in the Sun to the channels mentioned above. Eventually this constraint can be translated to a constraint on the WIMP-nucleon cross section that dictates the rate of capture of WIMPs in the Sun. As we mentioned above if equilibrium is established the WIMP capture rate must be equal to the annihilation rate and therefore a constraint on the WIMP annihilation rate in the Sun can be interpreted as a constraint on the WIMP-nucleon cross section. In view of that we can compare the experimental bounds on both σ SI and σ SD provided in Fig. 2 of [95] for the W + W − primary channel to Eqs. (14, 15) multiplied by the relevant annihilation branching ratio in our model. The IceCube constraints on the WIMP-nucleon cross section are parametrically equally strict for SI and SD interactions. This is because the Sun is made mostly of hydrogen and helium and therefore the A 2 enhancement due to coherence for the SI cross section is not significant. For m 2 < m Z , since the primary annihilation channel is bb producing a soft spectrum of neutrinos, the flux of up-going muons in the detector is several order of magnitude suppressed compared to the m 2 > m Z case and consequently no constraints can be imposed on θ. In Fig. 2 the shaded magenta areas above the solid (m 1 = 0.5 TeV), dashed (m 1 = 1 TeV) and dotted (m 1 = 1.5 TeV) lines are excluded with 90% confidence level. As one can see the bound is basically independent of m 1 , m E and the details of the underlying theory in which a fourth lepton family is embedded. Indeed, once WIMPs are captured in the Sun and thermal equilibrium is achieved, the relevant quantities that set the bound are the scattering cross sections showed in Sec. 3.3.
Fermi-LAT
The DM constraints provided by the Fermi-Lat γ-ray data are particularly relevant. For low DM mass (below 30 GeV) and for a variety of primary annihilation channels, they exclude (s-wave) thermally produced DM.
In particular dwarf satellite galaxies of the Milky Way, due to their large dynamical mass to light ratio and small expected astrophysical background, are among the most interesting targets for DM searches in γ-rays. Stringent upper bounds on the DM annihilation cross section have been derived from a joint likelihood analysis of 10 satellite galaxies with 2 years of Fermi-Lat data [97] . The limits are particularly strong for hadronic primary channels and therefore, since in our case the relevant annihilation products are of this class, we expect that such bounds may have an impact on constraining θ. In particular, for m 2 > m Z we rescale the results in Fig. 2 of [97] making the reasonable assumption that the primary products ZZ, Zh and tt generate a flux of prompt γ-rays similar to the one of W + W − for the former two channels and to bb for the latter. This is a very good approximation as one can see in Fig. 2 of [98] where the prompt γ-rays spectra for different annihilation channels are shown. For m 2 < m Z , the annihilation cross section to bb is suppressed by orders of magnitude with respect to the previous case, and consequently θ is not constrained. In m h there is a residual dependence on m 1 because for heavy WIMP masses, the processes that involve N 1 as a mediator affect somewhat the amplitude of the annihilation cross section.
Other important and strong limits on the annihilation cross section for different primary annihilation channels have been set by the γ-ray diffuse emission measurement by FermiLat at intermediate latitudes [99] [100] [101] [102] . In particular, the most recent limits come from 2 years of observations in the region 5
• ≤ b ≤ 15
• , where b and denote the galactic latitude and longitude respectivelty [102] . However, in the WIMP mass region we are interested in, the limits are weaker compared to the ones coming from dwarf galaxies, and therefore we do not include them in our analysis.
Results and conclusions
Our main results are presented in Fig. 2 in the (m 2 , sin θ) parameter space of the theory. The black lines represent the parameter space where the relic density of the particle N 2 is that of DM and the model passes the EW precision tests. The three interpolating black lines i.e. solid, dashed and dotted represent three different values of m 1 = 0.5, 1, 1.5 TeV respectively. For every point on the black line, the mass m E is fixed to a value that makes the model pass the EW precision tests. As we explained in Sec. 3.1 the two dips in the sin θ are taking place approximately at half the mass of Z and Higgs bosons reflecting the fact that at these mass scales the huge increase of the annihilation cross section due to resonance is compensated by tuning down the value of sin θ. As it can be seen, up to m 2 ∼ m W the three lines are identical. This is because before the onset of the W + W − (ZZ) annihilation channel, m E (m 1 ) is irrelevant to the annihilation cross section.
We also show all the relevant constraints in the figure. Constraints on the width of the invisible Z decay in LEP, the mono-Z constraint from LHC and the constraint from the invisible Higgs branching exclude the low mass phase space with m 2 38 GeV. Direct detection constraints coming from experiments based on liquid/gaseous xenon (Xenon100 and Lux) exclude the mass range of m 2 from ∼ 62 GeV to ∼ 188 GeV. Therefore the overall allowed region of the model is 38 GeV m 2 62 GeV and m 2 188 GeV (for m 1 = 500 GeV).
In conclusion, in this paper we presented the current limits from all possible constraints on heavy neutrinos with helicity suppressed couplings as thermally produced dark matter. Heavy neutrinos can easily emerge from a fourth lepton family. Although severe constraints exist on the existence of a fourth quark family, a new lepton family can emerge easily from theories beyond the SM. We showed as an example the embedment of a new lepton family in the context of TC. We identified the parameter space that produces the DM relic abundance and passes the EW precision tests. In addition we imposed constraints from colliders; the invisible Z decay from LEP, and the invisible Higgs decay from LHC. Moreover we studied the mono-Z, mono-jet and mono-photon constraints arising from LHC. Because the mediators of the heavy neutrinos are the Z and Higgs bosons, the CMS constraints based on non-detection of excessive missing energy are not applicable. This is due to the fact that the CMS results are valid upon the assumption that the mediators are heavy and therefore WIMPs have contact interactions with the partons. Furthermore, we updated the limits on the heavy neutrinos imposed by underground direct search experiments based on liquid/gaseous xenon. Finally, we also studied possible limits following from indirect DM detection. In particularly we set constraints for our model using the IceCube and FermiLat γ-ray data. We find that heavy neutrinos can play the role of thermally produced DM within the mass ranges 38 GeV m 2 62 GeV and m 2 188 GeV.
The second limit becomes sligthly weaker m 2 182 GeV for m 1 = 1500 GeV. We should emphasize that although we chose to embed our fourth lepton family in a TC framework, our derived results and constraints are very little model dependent and thus applicable generically to any model where heavy neutrinos with suppressed couplings play the role of thermally produced DM.
